Background We conducted a first-in-Japanese, phase I study of ontuxizumab, a humanized, anti-endosialin monoclonal antibody, to confirm its tolerability, safety, and pharmacokinetics, and identify exploratory efficacy. Methods This was a multicenter, multipledose, open-label study in Japanese patients aged ≥20 years with solid tumors, including gastric cancer (GC) or advanced hepatocellular carcinoma (HCC), who had failed standard chemotherapy. The study comprised two parts: part 1 (dose-escalation; ontuxizumab 2-12 mg/kg weekly) and part 2 (cohort-expansion; 4 or 8 mg/kg weekly, or 12 mg/kg biweekly). Results Fifteen patients were treated in part 1, and 31 in part 2 (16 patients with GC and 15 with HCC). In part 1, the most common treatmentrelated, treatment-emergent adverse event (TEAE) was fatigue (20%); no patients had grade ≥ 3 treatment-related TEAEs. In part 2, the most common treatment-related TEAEs were constipation, malaise, hiccups, and increased bilirubin; treatment-related grade 3 TEAEs occurred in two patients with HCC. In part 1, no patients achieved a partial response, and 6/15 (40%) had stable disease (SD). In part 2, 2/15 patients (13.3%) with GC and 8/15 (53.3%) with HCC had SD. Tumor shrinkage was observed in 5/15 HCC patients (33.3%). Conclusions Ontuxizumab, up to a dosage of 12 mg/kg weekly, was generally safe and well tolerated in this population, with no dose-limiting toxicities. The maximum tolerated dose was not reached; 8 mg/kg weekly or 12 mg/kg biweekly were the recommended dosages. We observed long-term disease stabilization in GC and extraskeletal chondrosarcoma, and tumor shrinkage in gastrointestinal stromal tumor and HCC. Trial registration: NCT01773434 (ClinicalTrials.gov).
Introduction
Endosialin (also known as tumor endothelial marker-1 [TEM1/CD248]) is an 80.9 kDa sialic acid-rich transmembrane glycoprotein of the C-type, lectin-like receptor family [1] . It is expressed on the surface of several cells, including fibroblasts, mesenchymal stem cells, and endothelial progenitor cells during embryonic development [1] [2] [3] . It is also commonly expressed on host-derived stromal cells, such as pericytes associated with tumor blood vessels and cancer-associated fibroblasts (CAFs), which are thought to play a key role in the development of tumor neovascular networks and stromal interactions [4] .
Endosialin mRNA and protein expression have been associated with multiple human cancers, including colorectal, gastric, renal, breast, pancreatic, lung, endometrial, ovarian, and neuroectodermal tumors, hepatocellular carcinoma (HCC), and metastatic malignant melanoma [1, [5] [6] [7] [8] [9] [10] . Direct endosialin expression on tumor cells has also been noted in some subsets of sarcoma [11] .
Methods

Study design
This was a multicenter, multiple-dose, open-label, phase I study of ontuxizumab in Japanese patients with solid tumors (without intracranial metastases) who had failed standard chemotherapy. The study was conducted in two parts: a dose-escalation portion to assess the tolerability and safety of ontuxizumab monotherapy in patients with solid tumors (study part 1); and a cohort-expansion portion (study part 2), which was designed, in part, to assess the PK relationships of ontuxizumab in patients with gastric cancer or HCC.
Ontuxizumab was administered as an intravenous infusion. The stock solution was 5 mg/mL, which was diluted with normal saline, as required, before administration. In study part 1, patients received weekly administrations of ontuxizumab on days 1, 8, 15 , and 22 of a 4-week cycle. The dose started at 2 mg/kg and escalated up to 12 mg/kg. Treatment at the next dose started if no DLTs were observed. In study part 2, each patient at 4 or 8 mg/kg received ontuxizumab infusions on days 1, 8, 15 , and 22 of a 4-week cycle. Each patient at 12 mg/kg received biweekly ontuxizumab infusions on days 1 and 15 of a 4-week cycle. Patients repeated this cycle at the same dosage until disease progression, unless they met the discontinuation criteria. In study part 2, three dose levels were examined, based on the safety profile obtained in study part 1: 4 or 8 mg/kg (administered on a weekly basis), and 12 mg/kg (administered once every 2 weeks). Study part 2 consisted of cohort A, which comprised patients with a histologic diagnosis of gastric cancer, and cohort B, which comprised patients with a histologic diagnosis of HCC.
Study participants
No patients had intracranial involvement or metastases. All patients had failed or were resistant to standard chemotherapy and had no appropriate therapies available. All patients gave written informed consent to participate.
The protocol, informed consent form, and related documents were approved by the relevant Institutional Review Boards. The study was conducted in accordance with Good Clinical Practice guidelines, as outlined in the Principles of the World Medical Association Declaration of Helsinki, and the Pharmaceutical Affairs Law of Japan.
Inclusion criteria
Included patients were Japanese males or females, aged ≥20 years, with solid tumors, gastric cancer, or a clinically confirmed diagnosis of advanced HCC (Child-Pugh class A). Exclusion criteria are shown in supplementary methods (Online Resource 1). All patients had Eastern Cooperative Oncology Group (ECOG) performance status 0-1 and adequate organ function. Patients with a preserved tumor biopsy sample taken before entry into the study had to provide written informed consent for the sample to be used.
Study objectives
The primary study objective was to investigate the tolerability and safety of multiple intravenous infusions of ontuxizumab in Japanese patients with solid tumors (gastric cancer or HCC). Secondary study objectives were to determine the maximum tolerated dose (MTD) of ontuxizumab as defined by DLTs; establish the serum PK of ontuxizumab; detect any anti-drug antibody (ADA) response to multiple intravenous infusions of ontuxizumab; and describe changes in objective measurements of tumor size after treatment with ontuxizumab.
Study assessments
Safety
Safety assessments included monitoring and recording all adverse events (AEs) and serious adverse events (SAEs), various laboratory parameter investigations, and physical examinations.
For DLT evaluation, the severity (grade) of AEs was classified according to the latest version of Common Terminology Criteria for Adverse Events (CTCAE) version 4.0-Japan Clinical Oncology Group (JCOG). A DLT was defined as any grade ≥ 3 hematologic or non-hematologic toxicity (CTCAE version 4.0-JCOG definition) related to ontuxizumab administration, with the following exceptions: grade ≥ 3 anaphylactic or anaphylactoid reactions; infusion-related toxicities that could be treated or controlled to grade ≤ 2 by maximal medical management within 48 h (e.g., fever, chills, nausea, vomiting, or diarrhea controllable with antipyretic, anti-emetic or antidiarrheal agents); abnormal laboratory parameters not requiring medical treatment; and pretreatment grade 2 liver function test abnormalities that progressed to grade 3 during the study, if the reason for progression was considered by the investigators to be the underlying disease and not ontuxizumab. The MTD was the highest dose at which no more than one of six patients experienced a DLT in cycle 1.
Pharmacokinetics
Blood samples were collected and serum ontuxizumab and ADA concentrations were measured by electrochemiluminescent immunoassay.
Efficacy
Tumor assessment based on Response Evaluation Criteria In Solid Tumors (RECIST) version 1.1 was performed for evaluable tumor lesions. The same modality was used to characterize each identified and reported lesion at baseline and through follow-up, by suitable computed tomography (CT), magnetic resonance imaging (MRI), or alternatives.
The following items were assessed for tumor response based on RECIST: best overall response (BOR) -i.e., the best response recorded from the start of treatment until study end; objective response rate (ORR) -defined as the proportion of patients with a BOR of complete response (CR) or partial response (PR), and disease control rate (DCR) -defined as the proportion of patients with a BOR of CR, PR, or stable disease (SD). To achieve a BOR of SD, measurements at ≥7 weeks after the administration had to meet the SD criteria.
For tumor assessment, CT and MRI with contrast agents were recommended, except in patients with a history of allergy to oral or intravenous contrast agents. If patients were allergic to intravenous iodinated contrast agents, CT with oral contrast agents or, for the abdomen and pelvis, MRI with intravenous, gadoliniumbased contrast agents were considered. Low-dose CT images from positron emission tomography CT, CT images used for absorption correction, or ultrasonography were not used for tumor assessment.
A tumor with a longest diameter of ≥10 mm was regarded as a target lesion (or when CT scans had a slice width > 5 mm). In the case of lymph node involvement, a tumor with a shortest diameter of ≥15 mm was regarded as a target lesion.
Statistical methods
All statistical analyses were performed using SAS software version 9.3 (SAS Institute, Cary, NC, USA). The safety analysis set comprised patients who received at least one administration of the study drug and had ≥1 post-dose safety assessment. Safety analyses other than DLTs were based on the safety analysis set. The number (percent) of patients with treatment-emergent AEs (TEAEs, defined as AEs that emerged, re-emerged, or worsened during treatment, or an AE that occurred from the first dose until 45 days after the last dose) and treatment-emergent SAEs was summarized by Medical Dictionary for Regulatory Activities system organ class and preferred term.
The DLT analysis set comprised patients who registered in study part 1, received at least three administrations of the study drug in cycle 1, and had a DLT assessment. Patients with DLTs were included in the DLT analysis set, regardless of the number of administrations. DLT analyses were based on the DLT analysis set. The number (percent) of patients who experienced DLTs was summarized, and DLTs were also summarized by type.
The PK analysis set comprised patients who received at least one administration of study drug and had sufficient PK data to derive at least one PK parameter. The safety analysis set was used for individual ontuxizumab concentration listings. The PK analysis set was used for summaries of ontuxizumab serum concentrations and summaries and analyses of PK parameters.
Summary statistics were tabulated for serum ontuxizumab concentrations according to study part (part 1, part 2 [Cohort A, Cohort B]), dose, and time point. Linear and semi-log plots of serum ontuxizumab concentration-time profiles for individual patients were displayed by study part and dose group. Using noncompartmental methods (WinNonlin software version 6.4 [Pharsight Corporation Inc., Mountain View, CA, USA]), serum ontuxizumab concentrations were analyzed to determine PK parameters, including peak plasma concentration (C max ), time to C max , area under the plasma concentration-time curve (AUC), clearance, and volume of distribution after single and multiple doses.
The efficacy analysis set comprised patients who received ≥1 administration of study drug and had at least one post-dose efficacy measurement. According to tumor response, based on RECIST version 1.1, BOR was summarized by each dose group, and for all dose groups combined. The percent changes in the sum of diameters of tumor target lesions were summarized using a waterfall plot.
Results
Participants
A total of 15 patients were treated in study part 1 and 31 were treated in study part 2 (16 with gastric cancer and 15 with HCC) (Fig. 1) .
Patient demographic data are shown in Table 1 . Mean age was similar for patients in study part 1 versus study part 2. Approximately half of the patients in study part 1 and 80% of patients in study part 2 were male. In study part 2, patients with HCC had a greater mean body weight than those with gastric cancer or solid tumors. Almost all patients had undergone previous surgery and chemotherapy, whereas previous radiotherapy was less common. In study part 2, 58.1% of patients had ECOG performance status 0, and 41.9% had a performance status 1. Further, all patients with HCC had Child-Pugh score of 5-6, and Barcelona Clinic Liver Cancer stage B or C disease.
All treated patients in study part 1 and study part 2 were included in the safety, DLT, efficacy, and PK analysis sets. All 15 patients in study part 1 completed at least three administrations during cycle 1. One patient (2 mg/kg) discontinued ontuxizumab due to AEs, and 14 discontinued due to disease progression. All 31 patients in study part 2 received at least one dose of ontuxizumab. One patient with HCC (4 mg/kg weekly) discontinued ontuxizumab due to AEs, and the remaining 30 patients discontinued due to disease progression.
Safety
A total of 46 patients (study part 1, n = 15; study part 2, n = 31) received ontuxizumab. In study part 1, the median number of cycles was 2.0 (range: 1 to 8), and the median exposure duration was 51.0 days. In study part 2, the median number of cycles was 2.0 (range: 1 to 4) in patients with gastric cancer, and 2.0 (range: 2 to 36) in patients with HCC; median exposure duration was 49.0 days and 51.0 days, respectively. The median percentage of received versus planned doses was 100.0% (range: 75.0%-100.0%).
No treatment-related TEAEs leading to discontinuation from study treatment occurred in study parts 1 and 2. In study part 1, the most frequently reported treatment-related TEAE was fatigue (20.0%; 3/15), followed by constipation, decreased appetite, hyperkalemia, infusion-related reactions, and rash (all with an incidence of 13.3%; 2/15) ( Table 2 ). An infusion-related reaction occurred in one patient in the 4 mg/kg group (dizziness and dry mouth within 3 h after dosing on day 1 that lasted for 18-24 h; study drug interruption was necessary, but the patient recovered without additional intervention), and in one patient in the 12 mg/kg group (pyrexia within 6-9 h after dosing on day 1 that lasted for 3-6 h; no study drug interruption was necessary, and the patient recovered without intervention). In study part 1, no patients had grade ≥ 3 treatment-related TEAEs. No DLTs were observed up to 12 mg/kg in study part 1, and the MTD was not reached.
In study part 2, the most frequently reported treatmentrelated TEAEs were constipation, malaise, hiccups, and increased bilirubin (all with an incidence of 9.7%; 3/31), followed by nausea, vomiting, pyrexia, hypoalbuminemia, increased aspartate aminotransferase (AST), and increased alanine aminotransferase (ALT; all with an incidence of 6.5%; 2/31) ( Table 2) . No investigator-reported AEs of interest were reported in study part 2. Treatment-related grade 3 TEAEs occurred in two patients with HCC (one patient had increased ALT and increased AST in the 4 mg/kg-weekly group, and another had hyperglycemia in the 8 mg/kg-weekly group). No SAEs were reported as treatment-related by the investigator.
Pharmacokinetics
In study parts 1 and 2, intravenously administered ontuxizumab on cycle 1, day 1, and on cycle 1, day 22 (2 mg/kg, 4 mg/kg, 8 mg/kg, and 12 mg/kg weekly), or cycle 2, day 1 (12 mg/kg biweekly) was eliminated slowly from serum with a long halflife after C max had been attained (Table 3) . Mean elimination half-life (t ½ ) values increased from 62.6 to 168 h with increasing ontuxizumab dosage from 2 to 12 mg/kg on cycle 1, day 1 (study part 1). In study parts 1 and 2, serum ontuxizumab concentrations reached steady-state approximately 1008 h after the start of repeated-dose administration (at cycle 2).
In study part 1, C max and AUC (0-168h) at both cycle 1, day 1 and cycle 1, day 22 increased in an almost dose-proportional manner (Fig. 2) . In study part 2, mean values of C max after weekly administration of ontuxizumab 4 mg/kg and 8 mg/kg on cycle 1, day 22, and after biweekly administration of 12 mg/kg on cycle 2, day 1, were 92. In study part 2, the mean value of C min on cycle 2, day 15 for ontuxizumab 12 mg/kg biweekly administration was between the trough concentrations of 4 mg/kg and 8 mg/kg weekly administration in patients with gastric cancer or HCC.
Efficacy
In study part 1, no patients achieved a BOR of a PR. Six of 15 patients (40%) had a BOR of SD, while the remaining nine had progressive disease. Tumor stabilization or shrinkage was observed in patients with gastric cancers and extraskeletal chondrosarcoma, while tumor shrinkage was observed in one patient with gastrointestinal stromal tumor (GIST) (Online Resource 2). The DCR was 40% (Table 4 ).
In study part 2, one patient with gastric cancer receiving ontuxizumab 12 mg/kg had early discontinuation; therefore, 15 patients with gastric cancer and 15 with HCC were evaluated. Two of 15 patients (13.3%) with gastric cancer and 8 of 15 (53.3%) with HCC had a BOR of SD. The DCR was 13.3% in patients with gastric cancer, and 53.3% in those with HCC (Table 4) . Tumor shrinkage was observed in five of 15 HCC patients (33.3%). Preliminary signs of antitumor activity were observed, particularly in patients with HCC, from the percent change in the sum of tumor diameters (Fig. 3a, b) .
In patients with HCC in study part 2, non-vascular stromal cells (11/15) , perivascular cells (8/15), capillary endothelial cells (7/15), and lymphatic endothelial cells (5/15) showed endosialin expression. Conversely, gastric cancers in study 
Discussion
This multiple dose, open-label, phase I study was the first to examine the safety and tolerability of ontuxizumab in Japanese patients with solid tumors who had failed standard chemotherapy; an associated aim was to determine the recommended ontuxizumab dosage for future clinical trials. The study was conducted in two parts: a dose-escalation phase (study part 1), and an expansion phase (study part 2).
Tolerability and safety
Ontuxizumab was generally well tolerated in Japanese patients with solid tumors, up to a dosage of 12 mg/kg weekly, and in Japanese patients with gastric cancer and HCC, across the dosages studied in study part 1. No DLTs were observed up to 12 mg/kg weekly; therefore, the MTD was not reached. A dosage of 12 mg/kg weekly, the MTD of the previous phase I study [23] , was also tolerable for Japanese patients.
In study part 1, the most common drug-related TEAE was fatigue, while in study part 2, the most frequent TEAEs were vomiting, constipation, and pyrexia in patients with gastric cancer, and hiccups in patients with HCC. These results are consistent with previous findings from phase I and II studies in non-Japanese patients [23, 24] . No apparent trends were observed in the incidences of TEAEs or treatment-related TEAEs as ontuxizumab dosage increased.
Although one patient had a positive ADA response during the study, this was transient and not associated with significant safety concerns. Moreover, no treatment-related SAEs were reported.
Pharmacokinetics
Systemic exposure to ontuxizumab, as assessed by C max and AUC (0-168h) , increased in an approximately dose-proportional manner on cycle 1, day 1 and cycle 1, day 22 across the dose range of 2-12 mg/kg. After multiple-dose administration, t ½ values increased with increasing dosage, thus indicating slow clearance of ontuxizumab, especially at higher dosages.
Although data are limited, saturable clearance may play a role in ontuxizumab PK. Indeed, after administration of ontuxizumab 2, 4, 8, and 12 mg/kg weekly on cycle 1, day 22, C max and AUC (0-168h) values in the present study were similar to values in the US study of ontuxizumab in non-Japanese patients [23] . Thus, no differences in ontuxizumab PK profile appear to exist between Japanese and non-Japanese patients.
In study part 2 of the present study, no clinically significant differences in C max , AUC (0-168h) , or AUC (0-336h) were observed between patients with gastric cancer and those with HCC. This is in contrast to previous studies of trastuzumab and bevacizumab, in which median values for AUC, C max , and C min at steady state were approximately 30-40% lower in patients with gastric rather than other cancers [25, 26] . The reasons for these differences are unknown, but such differences suggest an advantage for ontuxizumab, particularly in the treatment of gastric cancer.
Regarding the difference in ontuxizumab dosing regimen between weekly and biweekly administration in study part 2, the value of C min on cycle 2, day 15 for 12 mg/kg biweekly dosing was within the range of the 4 mg/kg and 8 mg/kg weekly dosing schedules in patients with gastric cancer or HCC. The ontuxizumab serum trough concentration with 12 mg/kg biweekly administration was between the trough concentrations for the 4 mg/kg and 8 mg/kg weekly schedules (data not shown). Additionally, the clearance values at dosages of 8 mg/kg weekly and 12 mg/kg biweekly in patients with gastric cancer were 0.0197 and 0.0198 L/h, respectively. Similarly, the clearance values were 0.0266 and 0.0210 L/h, respectively, in patients with HCC. These results demonstrate that clearance was saturated at dosages above 8 mg/kg weekly (Table 3) . Therefore, 8 mg/kg weekly was identified as the minimum dosage with saturable clearance, and 12 mg/kg biweekly dosing with ontuxizumab may be clinically meaningful.
Efficacy
In study part 1, six of 15 patients (40.0%) had a BOR of SD. Tumor stabilization was observed, especially in patients with gastric cancer, extraskeletal chondrosarcoma, or GIST, from the percent change in the sum of longest tumor diameters. In part 2, although complete or partial responses were not observed, tumor shrinkage occurred in five of 15 patients with HCC.
A previous examination of 50 human tumor cell lines and 250 clinical specimens of human cancer, including 20 cancer subtypes, revealed that endosialin was expressed in tumor cells, perivascular cells, and stromal cells in sarcoma; further investigation with 11 types of carcinoma showed that endosialin expression originated from perivascular and stromal cells, and not from carcinoma cells [11] . In our study, both gastric cancer and HCC showed endosialin expression mainly on perivascular and stromal cells and no endosialin expression on carcinoma cells, which is consistent with previous findings. Indeed, a study with frozen tissue specimens found that all gastric cancer specimens (7/7) had endosialin-positive vasculature and stromal cells, whereas no tumor specimens (0/7) had endosialin-positive tumor cells [11] .
In a previous examination of gastric cancer tissue samples, CAF-endosialin positivity and CAF-endosialin intensity were significantly correlated with several clinicopathologic factors; moreover, both a higher positive rate and a stronger intensity of endosialin expression in CAFs were associated with poorer recurrence-free survival, cancer-related survival, and overall survival [27] . Recently approved antibodies for the monotherapy management of gastric cancer include ramucirumab (second-line or later) and nivolumab (third-line or later), which showed median progression-free survival (PFS) times of 2.10 months and 1.61 months, respectively [28, 29] . In the current study, tumor stabilization occurred in some gastric cancer patients with an ontuxizumab treatment duration of ≥2 months, suggesting that endosialin inhibition could be a new therapeutic strategy for gastric cancer by targeting endosialin expression in CAFs.
Endosialin expressed on hepatic stromal cells, such as hepatic stellate cells (HSCs), was previously implicated in the initiation and progression of liver metastatic cancers and/or HCC tumors. However, a recent examination with HSCs and an HCC tumor cell co-culture system reported that endosialin-expressing and fully activated HSCs impaired HCC tumor growth, suggesting an inverse causal relationship between HSC-expressed endosialin and HCC growth [30] . Conversely, our study showed tumor shrinkage in some HCC patients treated with ontuxizumab. In addition, the DCR ratio for ≥3 months was 53.3%, which is almost equivalent to that for regorafenib, which was recently approved as monotherapy for the second-line treatment of HCC after demonstrating a median PFS of 3.1 months and DCR of 65% [31] . The mechanism of endosialin action in HCC remains controversial and further studies are needed to elucidate the exact process of ontuxizumab function in HCC.
Conclusions
Ontuxizumab, up to a dosage of 12 mg/kg weekly, was generally safe and well tolerated in Japanese patients with solid tumors. There were no DLTs, and the MTD was not reached. No clinically significant differences in PK parameters were evident between patients with gastric cancer and those with HCC. According to the safety and PK results of the present study, 8 mg/kg weekly or 12 mg/kg biweekly are the recommended dosages for future studies. Long-term disease stabilization was observed in gastric cancer and extraskeletal chondrosarcoma, and tumor shrinkage was noted in GIST and HCC. All these conditions were resistant and progressive after standard chemotherapies.
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